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Relation of Transmitral Flow Velocity Patterns to Left Ventricular
Diastolic Function: New Insights From a Combined Hemodynamic and
Doppler Echocardiographic Study
CHRISTOPHER P. APPLETON, MD, LIV K . HATLE, MD, RICHARD L . POPP, FACC
Slanford,
California and Tucson, Arizona
In an effort to determine what clinically useful information
regarding left ventricular diastolic fundlon can be inferred
noninvasiveiy with pulsed wave Doppler echocardiography,
mitral flow velocity patterns and measured variables were
correlated with henmdynamle findings in 70 patients : 30
with coronary artery disease, 20 with Idiopathic congestive
cardiemyopathy, 14 with a restrictive myocardial process
and 6 without significant cardiac disease. The effect of
sudden changes In hemodynamics on the mitral flow veloc-
ity pattern was also investigated in a subgroup of patients
who had simultaneous recording of mitral flow velocity and
left ventricular pressure before and after left ventriculogra-
phy. Mitral flow velocity recordings from 30 healthy adults
served as a reference group .
This analysis suggests that 1) the majority of patients
with these cardiac disorders demonstrate abnormal mitral
flow velocity patterns or variables ; 2) markedly different
flow velocity patterns can be seen in patients with impaired
Left ventricular diastolic dysfunction is now recognized as a
significant cause of cardiac symptoms even in patients with
apparently normal systolic ventricular function
(1-3). From
left ventricular pressure recordings maximal rate of fall of
pressure (-dPidt) and the time constant (T) of an assumed
exponential decline in pressure have been used to quantitate
the rate of left ventricular relaxation (1,2,4-6). Because
these indexes require cardiac catheterization, several nonin-
vasive methods for indirectly assessing left ventricular dias-
tolic function have been evaluated . These have included
measurement of the left ventricular isovolumic relaxation
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left ventricular relaxation ; 3) the different mitral patterns
appear to relate more to myocardial function and hemody-
namic status then to the type of disease process present ; 4)
certain mitral patterns suggest different filling pressures
and rates of early diastolic left ventricular filling ; 5) an
Increase in left ahial pressure can "normalize" an abnor-
mal mitre; flow velocity pattern and 'rmask" a lap ventric .
ular relaxation abnormality; and 6) the different patterns
appear to represent a dynamic continuum with the poten-
tial to change from one to another as a result of disease
progression, medical therapy or sudden changes In hemo .
dynamics .
It is concluded that, despite the Indirect method of
estimation and certain limitations, mitral flow velocity
recordings have clinical potential In assessing left ventricu .
lar diastolic function that merits further Investigation .
(J Am Call Cardtol 1988,12.,426-40)
interval (7-9), the peak rate of diastolic left ventricular wall
thinning or rate of change in dimensions from M-mode
echocardiograms (7,10,11) and rates of diastolic filling from
contrast (4,12,13) or radionuclide angiography (9,14-16) .
However, only a moderate correlation between invasive and
noninvasive variables of diastolic function has been reported
in studies in which both have been performed (4,15) .
More recently, several investigators (9,13,16-24) have
attempted to indirectly assess left ventricular diastolic func-
tion by using different measurements obtained from pulsed
wave Doppler ultrasound mitral flow velocity recordings . In
normal subjects and patients with a variety of cardiac
diseases, evaluation of left ventricular filling patterns by
Doppler ultrasound has compared favorably will, both angio-
graphic (13) and radionuclide (9,16) techniques . However,
because left ventricular filling rate and the mitral flow
velocity pattern can be affected by factors in addition to the
rate of left ventricular relaxation (25-28), caution has been
advised in equating variables derived from transmittal flow
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Figure I. The mitral flow velocity and left vennico
.
lar (LV) and pulmonary wedge (PW) pressures re-
corded simultaneously in one of the patients with
coronary artery disease. The electrocardiogram
(ECU) and phonocardiogram (PHONO) are labeled
.
The measurement of peak mitral flow velocity in early
diastole (MI) and at atria) contrction
(M'_), themilral
deceleration time (DT) and the left ventricular isova
lumic relaxation time (IVRT = aortic closure-mitral
valve opening IAc -
Me]
interval) are shown . The left
ventricular pressure is recorded with a high fidelity
fibemptic catheter and the pulmonary wedge pressure
with a fluid-filled catheter, The baseline for the two
pressures dithers as shown, but the scale is the same
.
Note that MI occurs near the time of left ventricular
minimal pressure, and a marked increase in diastolic
pressure is seen to start simultaneously with the
increase in mitral flow velocity with atria) contraction .
velocity with specific noninvasive or invasive variables,
associated with abnormal left ventricular diastolic function
(29) .
In an effort to determine what clinically useful informa-
tion regarding left ventricular diastolic function can be
inferred noninvasively with Doppler echocardiography, this
study was designed to correlate mitral flow velocity patterns
and measured variables with hemodynamic findings in pa-
tients with various cardiac diseases . To investigate the
precise timing of these relations and their dynamic nature, a
subgroup of patients had simultaneous recording of mitral
flow velocity and left heart pressures before and after left
ventriculography
. From these results a framework for the
interpretation of mitral flow velocity patterns in the assess-
ment of left ventricular diastolic function is proposed
.
Methods
Study palienLs. Mitral flow velocity recordings and hemo-
dynamic findings were analyzed in 70 patients without mitral
stenosis who were undergoing cardiac catheterization for
clinical indications . Thirty patients had coronary artery
disease, 20 had idiopathic congestive cardiomyopathy, 14
had a restrictive myocardial process, 5 were cardiac trans-
plant recipients undergoing routine annual catheterization
and I had no discernible cardiac abnormality . Simultaneous
recording of mitral flow velocity and henlodynamics was
performed in 21 patients : 7 with coronary artery disease, 8
wilh congestive emdiomyopathy, 5 cardiac transplant recip-
ients aril I normal subject
. In to of these patients simulta-
neous recordings were repealed immediately after left ven-
triculography. In the patients with nonsimultaneous studies,
echocardiographic examination was performed within 4 h .
and in most cases within I h, of cardiac catheterization
.
Ftrrrrtional srntus was defined as follows: class I, asymp-
tomatic; class Il, shortaess of breath with moderate exer-
tion; class 111, shortness of breath with mild exertion ; and
APPLETON ET AL.
	
427
MITRAL FLOW VELOCD P PATTERNS AND DIASTOLIC FUNCTION
class IV, shortness of breath with minimal exertion . Four
patients had atrial fibrillation, two had an atrial paced
rhythm and two had a ventricular paced rhythm . Mitral flow
velocity recordings from 30 healthy adult volunteers were
used as a control reference group for data comparison . All
patients and control subjects gave informed consent to the
protocol approved by the Committee for the Protection of
Human Subjects at the Stanford University Medical center .
Echocardiography . Two-dimensional and M-mode echo-
cardiograms were obtained with a Hewlett-Packard model
77020A imaging system
. The presence of left ventricular
enlargement was assessed from parasternal (30) and apical
four chamber views (31). Pulsed wave and continuous wave
Doppler ultrasound examination was performed with an Irex
Exemplar ultrasonograph with a 2 .0 MHz transducer . Mitral
flow velocity was recorded with pulsed wave technique
together with the electrocardiogram (ECG) and phonocar-
diagram . With use of the apical four chamber view, the
sample volume was placed between the tips of the mitral
leaflets where the maximal flow velocity in early diastole was
obtained . Peak mitral flow velocity in early diastole and at
atrial contraction and the deceleration time of mitral flow
velocity in early diastole were measured (Fig. 1). When atria)
contraction occurred before the mitral deceleration slope
had decreased to the zero baseline, the slope was linearly
extrapolated to the baseline to obtain the deceleration time.
Cardiac cycles with nonlinear deceleration slopes and fusion
of early mitral flow velocity and flow velocity at atrial
contraction were excluded from analysis . The left ventricu-
lar isovolumic relaxation time was measured from aortic
valve closure on the phonocardiogram to the start of mitral
flow
. Recordings were made at a paper
speed
of 50 mm/s for
velocity measurements and 100 mmls for the isovolumic
relaxation time. All values were obtained as a mean of6 to 8
heats in patients with sinus rhythm and 10 to 15 beats in the
patients with atrial fibrillation and ventricular paced rhythm .
For detecting mitral regurgitation the pulsed wave sam-
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Table 1. Clinical and Echocardiographic Findings in the Study Groups (94 subjects)
ple volume was placed at the mitral valve anulus . The
maximal velocity of regurgitation was recorded with contin-
uous wave Doppler ultrasound. Mitral regurgitation was
graded as mild, moderate or severe using a combination of
Doppler ultrasound criteria, which included the intensity of
regurgitant signal relative to the anterograde flow signal and
extension of the regurgitant jet in the left atrium . Regurgita-
tion graded as moderate or severe was verified by left
ventriculography .
In 21 patients the mitral flow velocity was recorded
simultaneously with pressures by the Irex echocardiograph
or a nonimaging Doppler ultrasound instrument with both
pulsed and continuous wave Doppler capabilities (SD-100,
Ving-med A/S, 2 .0 MHz transducer) .
Cardiac eatheterieuiion . Left and right heart catheteriza-
tion were performed with fluid-filled catheters attached to
manifold micromanometer transducers (Gould, P-50) . The
system shows a flat frequency response to 18 Hz and < 10%
deviation to D4 Hz, In 27 studies high fidelity fiberoptic
catheters (Camino laboratories, model 110-4) were used for
left ventricular pressure recording and the calculation of the
lime constant (T) of decrease of left ventricular isovolumic
pressure and the maximal positive and negative derivative of
left ventricular pressure (dP/dt). T was calculated by the
method of Weiss et al . (6) and dP/dt was calculated by
electronic differentiation . T and dP/dt were obtained by
sampling left ventricular pressure over 3 s intervals at a rate
of ISO samples/s with a Hewlett-Packard 5600 B Cardiac
Catheterization Computer System
. Data were then resam-
pled at 500 samples/s by Fourier interpolation . The left
ventricular diastolic pressure recording was analyzed for
minimal pressure in early diastole, height (in mm Hg) of the
rapid filling wave, increase in pressure with atria) contrac-
tion and left ventricular end-diastolic pressure . Cardiac
output was measured by the Fick method
. Left ventriculo-
grams were obtained in the 30e right anterior oblique projec-
tion in 64 of the 70 patients and coronary angiography was
performed in all patients . Reduced left ventricular systolic
function was defined as an ejection fraction of <50% or
maximal plus positive dP/dt of <I,200 mm Hg/s .
JACC Vol, 12, No. 2
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CAD = coronary artery disease : CAD I = patents with mean pulmonary wedge pressures <I6 mm Hg ; CAD 11 = patients with mean pulmonary wedge
pressures ?16 mm Hg ; CCM = congestive cardiomyopalhy ; n = number of patients; % = percent of patients in group ; RMP =restrictive myocardial process .
Statistical analysis
. Results are expressed as mean values
*_ I SD. Statistical analysis between groups was performed
with an analysis of variance . When differences between
groups were present, Scheffd's test was used to determine
which means differed significantly. To compare changes in
flow velocities and hemodynarnic variables before and after
left ventriculography, a paired Student's I test was used. To
compare Doppler variables in a younger and an older age
group of normal subjects, a nonpaired Student's t test was
used .
Nonparametric Spearman correlation coefficients be-
tween all Doppler and hemodynamic variables were com-
puted and tested for statistical significance (p < 0
.05 overall)
under the null hypothesis that the population correlation is
zero. Because individual bivariate correlation coefficients do
not take into account the within-group interrelations for the
Doppler and hemodynamic group of variables, a multivariate
canonical correlation analysis was also performed and stan-
dardized canonical correlation coefficients were computed .
Results
Study groups. The patients were classified into groups on
the basis of etiology of cardiac disease and hemodynamic
findings (Table I). The patients with coronary artery disease
were also subclassified into a group with higher (?16 mm
Hg) or lower (<16 mm Hg) mean pulmonary wedge pres-
sure . Because only a small number of patients with conges-
tive cardiomyopathy (3 of 20) or a restrictive myocardial
process (I of 14) had a lower wedge pressure, these groups
were not subclassified . Five cardiac transplant recipients
and one other subject had no definite cardiac abnormality
and were excluded from the intergroup analysis .
Clinical and echocardiographic findings (Table 1) . The
patients with coronary artery disease were older than the
normal subjects (p < 0 .05)
. Advanced functional classes
(classes III and IV) had a low prevalence in the patients with
coronary artery disease who had lower pulmonary wedge
pressure (11%) versus the patients in the other groups (71 to
75%) . All the patients with a restrictive myocardi; I process
Group n Age (ye)
Functional
ClassIIUIV
n (%)
Len Ventricle Mitral Reacreitalian
Enlargement
5 (44)
Decreased 5ystdic
Fanmion n (90)
6Jitdltotlemle
n (%)
Severe
n (ek)
Normal 30
44 5 8
000) .(a)
0 (D) 9(30)
010)
CAD blot 30 59 ± 12
1](37) 19(63)
21(70) 18(60) 31101
CAD1 18 6309 2(II) 9 (50) 9(50)
1I (61)
0 (0)
CAD II 12 55 x 13 9(75) 9(75) 11 (92) 7(58) 3 (25)
CCM 20 44 ± 14 IS (75)
19(95)
19(95) 14(70) 200)
RMF 14 47 *_ 15
10010 ran 6(43) 11179) 0(0)
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Table 2. Doppler Mitral Flow Velocity Variables in the Study Groups (n = 94)
'p < 0 .05 vs-
normal;
tp a 0 .05 vs. CAD I ; Ip < 0.05 vs. CAD. HR = heart raw : IVRT = kit ventricular oovolumic relaxation time ; M, = peak mlrml
trw velocity in early diastole ; M, = peak mitral flow after stunt systole . M, = mitral deceleration time ; other abbreviations as in Table I .
had normal left ventricular dimensions; in the other patient
groups, left ventricular enlargement and systolic function
were variable . Mild or moderate mitral regurgitation was
prevalent in all patient groups, although severe mitral regur-
gitation was present in only five patients : three with coro-
nary artery disease who had a high pulmonary wedge pres-
sure and two with a congestive cardiomyopathy .
Table 2 shows the heart rare and Doppler nrihral fiote
variables in the normal subjects ad the patients in the study
groups. The mean heart rate was faster in the patients with
coronary artery disease who had high pulmonary wedge
pressure and in patients who had congestive cardiomyop-
athy and a restrictive myocardial process than in the normal
subjects. The left ventricular isovolumic relaxation time was
longest in the patients with coronary artery disease who had
lower pulmonary wedge pressure and shortest in the patients
with a restrictive myocardial process . Peak mitral flow
velocity in early diastole was decreased in the patients with
coronary artery disease who had lower pulmonary wedge
pressure compared with the other groups . Peak mitral flow
velocity at atrial contraction was largest in the patients with
coronary artery disease who had lower pulmonary wedge
pressure and smallest in the patients with a restrictive
myocardial process . Mitral deceleration time was shortest in
patients with a restrictive myocardial process, congestive
cardiomyopathy and coronary artery disease who had higher
pulmonary wedge pressure, and tended to be longer in the
Table 3. Hemodynamin Findings in the Patient Groups In = 64)
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patients with coronary artery disease who had lower pulmo-
nary wedge pressure .
Mitral flow velocity variables in normal subjects : influence
of age . Because mitral flow velocity variables have been
reported to change with age, we classified the normal sub-
jects into a younger (mean age 38 ± 6 years) and older age
(mean age 55 ± 4 years) group of 15 individuals each and
compared all variables . This analysis revealed no statistical
difference in any of the Doppler variables between the
groups.
Hemodynamic findings (Table 3), The patients with coro-
nary artery disease who had lower pulmonary wedge pres-
sure had the must normal hemodynamic status whereas that
of the other patient groups was markedly abnormal . In the
patients with a restrictive myocardial process there was near
equalization of diastolic pressures . Left ventricular pressure
increase with atria) contraction and ejection fraction were
statistically similar in all groups of patients, although the
lowest individual values in ejection fraction were seen in the
patients with congestive cardiomyopathy .
In the 27
pad-r,
who had high fidelity
left ventricular
pressure recordings, mean values for T and maximal nega-
tive dPldt were 55 t 14 ms and 1 .620 ± 305 mm Hg/s,
respectively, in the patients with coronary artery disease
who had lower pulmonary wedge pressure, 77 ± 24 ms and
I,01R i 358 mm Hgls in the patients with coronary artery
disease who had higher pulmonary wedge pressure and 67 ±
'p < 0 .01 or. CAD I; tp < 0 .05 Is, CAD 11 : Ip < 0,05 vs . CAD: 4p < 0.05 ae . CCM, FF = ejection fraction; LVda = change in Ieh vontrie d. pressure
with atria) contraction ; LV min = left ventricular diastolic pressure minimum ; LVEDP = lea ventricular end-diastolic pressure
; LVRFW = tall ventricular rapid
filling wave; LVSP= left ventricular peak systolic pressure; PAP = pulmonary aoe,y pressure ; PW = pulmonary wedge ; PWP
-
putovary wedge pressure;
Pwv -
Lvmin - pulmonary wedge V wave - left vemreular prcawre minimum did-n- RAP = right a trial pressure ; other abbrevieti rs as in Table l .
Group
RAP
Mean
Imm Hg)
PAP Mean
(man Hill
PWP
Mean
(mm Hg)
PW V
Wave
Imm Hg)
PWV -
INmin
lore Hg)
LVSP
(mm Hg)
LVmin
tmm Hg)
LVRFW
(mm Hg)
LVAa
tram Hg)
LVEDP
(mm Hg) EF 1%6)
CAD total 8=8
23±15 15±12 17±12 13±12 124±19
6±7
6±6 8±5 18±5
48±13
CADI 3=3 15±6 9--5 It ±6 816 127 v20 3^-4 3'-'3 8x5 15x7 51x11
CAD It 15 -- 7' 39 ± I1' 26 '- 8' 36 x 12' 24 x 9' 110 ± 17' 11 x 8' 11 x 5' 7t5 26 x 6' 45 - IS
CCM 7±7 29±11'1 20±7' 25±12' I8±12 100+17"_ 8±6 7±4 7±3 21±9 29±18
RMP 16±4'14 33e12' 21±51 27±9' 17±7 108 18 8±5 to 5, 4±2 21±5 48±14
Group n
HR
(hecslmin) IVRT (ma) M, (cn17s) M_ (curls) M,151, M
a
(ms)
Normal 30 65 x 1I
71 ±
14
85!16 60'_16 1 .5x0.4 193023
CAD
lola1
30
78 12' 62 x 30 91 ±30 67±25 1 .6±1 .4 197±75
CAD 1
18
74 ± 12 105 ± 27
-
66 ±17' 80±18' 0.9±0.4' 232±58
CAD 11 12 83 x 13' 66 ± 270 107 ± 271 46 x 201 2.6 '- 1 .1'1 141 ± 67
CCM 20 81 0 16' 76 '_ 251 86 x 21, 51 *_ lxt 2.0 *_ 0.91 130 ± 52'1
RMP 14 90 ± 13'17 59 ± 12t 49 ± 270 42
.
15'11 2.3 ± 8't 128 ± 33't
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26 ms and 1,252 ± 384 mm Hg/s in the patients with
congestive cardiomyopathy .
Normal ranges for mitral flow velocity variables, left ven-
tricular rl-astolle pressures and T (Table 21. A normal range
for the Doppler ultrasound variables was obtained from the
mitral flow velocities recorded in the normal subjects : left
ventricular isovolumic relaxation time of 55 to 90 ms, peak
mural flow velocity in early diastole of 60 to 115 curls, mitral
flow velocity at atrial contraction of 40 to 100 cm/s, ratio of
peak mitral flow velocity in early diastole to that at atria)
contraction of 1 .0 to 2.5 and a mitral deceleration time of 130
to 240 ms . Although the normal subjects in this study did not
undergo cardiac catheterization, normal values for T of 22 to
46 ms (mean 35 ± 6) have been obtained in healthy adults
with use of high fidelity catheters and identical methods
(1,32) . Values for left ventricular minimal pressure of 1 .9
1 .7 mm Hg and for the left ventricular rapid filling wave of
1 .6 ± 1 .5 mm Hg have also been reported (32) in normal
subjects .
Relation among mitral flow velocity patterns, hemody .
namic events and results in the patient groups. Figure I
shows the temporal relations between left ventricular dias-
tolic precsure and mitral flow velocity in a simultaneous
recording obtained with a high fidelity pressure catheter .
Peak mitral flow velocity in early diastole corresponds
closely in time to the left ventricular pressure minimum, and
the start of mitral flow velocity deceleration corresponds to
the onset of diastolic left ventricular pressure increase (the
rapid filling wave)
. In Figure 2 a simultaneous recording of
high fidelity left ventricular pressure and fluid-filled left atria)
pressure shows that the onset of mitral flow corresponds
closely in time to the left atria)-left ventricular pressure
crossover. Both pressures decrease rapidly after mitral valve
opening with a relatively short duration of transvalvular
pressure difference. In mid-diastole the two pressures ap-
pear to be equal, increasing slowly together, and then both
increase abruptly with atrial contraction . In the mitral flow
velocity recording obtained simultaneously, forward flow
throughout diastole is observed, including the period in
mid-diastole when the two pressures appear equal .
The variation in mitral flow velocity patterns among the
patients with coronary artery disease and the relation to
hemodynamic findings are illustrated in Figure 3
.
In panels
A and B, two patients with coronary artery disease who both
had a mean pulmonary wedge pressure of 8 mm Hg are
shown to have a prolonged T, suggesting a reduced rate of
left ventricular relaxation. In both patients the left ventricu-
lar isovolumic relaxation and mitral deceleration time are
increased and mitral flow velocity in early diastole and at
atrial contraction are approximately equal . Although the left
ventricular pressure minimum and mitral flow velocity at
wrist contraction are similar in the two patients, the increase
in left ventricular pressure with atrial contraction is mark-
edly different . In panel C, a patient with coronary artery
5ACC Vol, 12. No .
2
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Figure 2. The relation between etitral flow velocity and diastolic
left atria) (LA) and left ventricular (LV) pressures illustrated in a
patient who had simultaneous recording of flow velocity and pres-
sures . A tracing of the pressures (top) and mitral flow velocity
contour (bottom) is shown for clarity and the left atria] pressure has
been shifted for lime delay . The top line is the electrocardiogram
ECG
. Left ventricular pressure (high fidelity catheter, sand line) is
shown together with left atrial pressure (fluid filled catheter, doted
line) and the simultaneous mitral flow velocity contour, Note that I)
mitral flow starts in close proximity to the time of the left alrialleft
ventricular pressure crossover; 2) there is a relatively short duration
of left aerial-left ventricular pressure difference in early diastole ; and
3) low velocity mitral flow continues in mid-diastole after apparent
equalization of left aerial and left ventricular pressure . The more
abrupt rise in left ventricular pressure compared with left Wrist
pressure at atrial contraction may be due to differences in response
characteristics of the catheters used.
disease and a mean pulmonary wedge pressure of 35 mm Hg
has a longer Tthan the patients in panels A and B, suggesting
a more marked ventricular relaxation abnormality . How-
ever, the isovolumic relaxation time is shorter, mitral flow
velocity in early diastole is much larger than at atrial
contraction, the mitral deceleration time is short and there is
an abnormally large left ventricular rapid filling wave and a
minimal increase in left ventricular pressure after atrial
contraction .
A similar variation in patterns was aeen among patients
with congestive cardiomyopathy (Fig. 4) . In the three pa-
tients in the group with lower filling pressures, a normal or
mildly prolonged isovolumic relaxation and deceleration
time and a normal or near normal ratio of mitral flow velocity
in early diastole to that at atria] contraction was seen as
illustrated by the patient shown in panel A . In contrast,
despite a prolongation of T, patients with a higher pulmonary
wedge pressure usually had a short isovolumic relaxation
time, an increase in the ratio of mitral flow velocity in early
diastole to that at atrial contraction, a short mitral deceler-
ation time and an increase in the left ventricular rapid filling
wave (Fig. 4B).
The patients with a restrictive myocardial process
showed less variation in mitral flow velocity patterns than
JACC Vol
. 12 . No . 2
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Figure 3. Mural flow velocity and high fidelity
left ventricular (LV) pressure recordings in three
patients with coronary artery disease . In Patients
A and B, mitral flow velocity in early diastole is
approximately the same as that at atrial contrac-
tion
. The left ventricular isovolumic relaxation
time (IVRT) and mired) deceleration times (DT)
are prolonged compared with normal values and
the rate of left ventricular relaxation is abnor-
mally slow as assessed by T
. In patient A, lea
ventricular diastolic pressure continues to de-
crease during the early filling phase until atrial
contraction occurs
. In both patients most of the
increase in diastolic pressure is with atria) contrac-
tion. This diastolic pressure increase is of normal
amplitude in Patient A (3 mm Hg) but is increased
in Patient B (8 mm
Hg),
despite similar flow
velocities with atrial contraction and seemingly
more abnormal relaxation in A . Although Patient
C has the most abnormal
suit.
for T, mitral flow
velocity in early diastole is much larger than flow
velocity at atria] contraction, the isovolumic relax-
ation time is normal and the deceleration lime is
markedly shortened
. In this patient most of the
diastolic pressure rise occurs with the left ventric-
ular rapid filling wave, and the low mitral flow
velocity at atria) contraction (upper arrow) is
associated with only a minimal further increase in
left ventricular pressure (tower arrow)
.
did the other groups. A short isovolumic relaxation time and
mitral deceleration time were consistent findings, with peak
mitral flow velocity in early diastole being normal or in-
creased, mitral flow velocity al atria) contraction usually
reduced and the ratio of mitral flow velocity in early diastole
to that at atria) contraction increased . High filling pressures
with an increased left ventricular rapid filling wave were
seen in all patients .
Correlation Between Mitral Flow Velocity and
Flerrodyna nic Variables
The bivariate correlation coefficients between all Doppler
and selected hemodynamic variables are shown in Table 4.
Isovolumie relnxatian time . There was an inverse relation
between left ventricular isovolumic relaxation time and
mean pulmonary wedge pressure (r = -0.62) . left ventricu-
lar rapid filling wave (r = -0 .64) and left ventricular end-
diastolic pressure (r = -0 .421.
Peak mitral flow velocity In early diastole
. There was a
positive correlation between peak early mitral flow velocity
and the pulmonary wedge V wave - left ventricular pressure
minimum difference (r = 0 .59) (Fig . 5A) . Peak early mitral
flow velocity also showed a positive correlation with mean
pulmonary wedge pressure (r = 0
.50) and the left ventricular
rapid filling wave (r = 0 .43) . There was no correlation
between peak early mitral flow velocity and cardiac output (r
APPLETON ET AL
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_ -0 .20) (Fig . 5B). Exclusion of the patients with severe
mitral regurgitation did not improve this correlation .
Mitral dreeleration time. Mural deceleration time showed
an inverse relation to the size of the left ventricular rapid
filling wave (r = -0 .72) . The majority of patients with a
deceleration time <150 ms had an abnormal rapid filling
wave >3 mm Hg (32) (Fig. 6A) . The deceleration time was
also inversely related to mean pulmonary wedge pressure
(r = -0.61) and left ventricular end-diastolic pressure
(r = -0 .48).
Mitral flow velocity at atria) contraction . Mitral flow ve-
locity with atria) contraction was inversely correlated with
mean pulmonary wedge pressure (r = -0.57), the left
ventricular rapid filling wave (r = -0 .49), left ventricular
pressure minimum (r = -0.38) and left ventricular end-
diastolic pressure (r = -0.43) .
There was no correlation
between flow velocity and the increase in left ventricular
pressure during atrial contraction
. A large mitral flow veloc-
ity with mtrl contraction could be associated with a small
increase in left ventricular pressure ; conversely, a large
increase in pressure could be seen even with a low velocity
at a trial contraction (Fig. 6B).
Mullivarlate correlation coefficients . In general, the re-
sults of the multivariate analysis confirmed the observed
bivariate relations . By this analysis, the most highly corre-
lated group of variables was the Initial deceleration time
(0 .60) . which was inversely correlated with mean pulmonary
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Figure 4. Mitral flow velocity recordings, left ventricular (LV) and
pulmonary wedge (PW) pressures in two patients with congestive
cardiomyopathy. The pulmonary wedge pressure has been shifted
for the estimated time delay. In patient A, who was in functional
class It, the left ventricular isovolumic relaxation time (IVRT),
mitral flow velocities and pressures are within normal limits
. In
Patient B, who was in functional class IV, the isovolumic relaxation
time (45 ms) and mitral deceleration time (75 ms) are markedly
shortened
. The early, abrupt cessation of forward flow velocity is
followed by mid-diastolic flaw reversal (diastolic mitml regurgita-
tion, large
arrow).
which corresponds in time to the peak of the
marked left ventricularrapid filling wave (RFW) and an apparent left
ventricular-left atria) pressure reversal . With atrial contraction, a
short period of forward flow with a low velocity is reestablished and
is accompanied by a marked further increase in left ventricular
pressure (a) . A second flow reversal is also seen after atrial
contraction (small arrow) .
wedge pressure 1-0.51) and the left ventricular rapid filling
wave (-0.42). The other Doppler variables demonstrated a
weaker correlation, suggesting that they may he more heav-
ily influenced by interrelations among variables .
Changes in individual patients with angtagraphy . In 10
patients mitral flow velocity recordings and hemodynamic
measurements were repeated immediately after left centric-
ulography . Heart rate increased from 71 t 18 to 76 ± 17
beats/min, the isovolumic relaxation time decreased from 75
± I I to 64 ± 12 ms and peak mitral flow velocity in early
diastole increased from 73 ± 13 to 87 t 24 cm/s after
ventriculography (all p < 0.05). Mitral deceleration time and
mitral flow velocity at atrial contraction were unchanged.
The pulmonary wedge V wave increased from 10 ± 3 to 18 t
5 mm Hg, the left ventricular rapid filling wave increased
from 4 ± 3 to 6 ± 5 mm Hg, the left ventricular pressure rise
with atrial contraction increased from 5 ± 3 to 8 t 5 mm Hg
and the left ventricular end-diastolic pressure increased from
13 ± 5 to 19 ± 6 mm Hg after ventriculography (all p < 0 .05)
whereas peak left ventricular systolic pressure remained
unchanged .
Relation between normal and abnormal left ventricular
end-diastolic pressure and mitral flow velocity variables. Left
ventricular end-diastolic pressure was within normal limits
(<_12 mm Hg) in 15 patients and was increased in 49 patients
in the study groups. In only 4 of the 15 patients with normal
end-diastolic pressure were all the Doppler variables normal
.
Abnormal findings in the other I I patients included a pro-
longed isovolumic relaxation time in 8, increased decelera-
tion time in 4, decreased peak early mitral flow velocity in 4
and decreased ratio of early mitral flow velocity to that at
atria) contraction in 8 . In I of the I1 patients a low peak early
mitral flow velocity was the only abnormal finding ; two or
more variables were abnormal in the other 10. In the 49
patients with increased left ventricular end-diastolic pres-
sure the most frequent abnormality was a shortened mitral
deceleration time, In 5 of the 49 patients all mitral flow
velocity variables were normal, whereas in 32 patients two
or more variables were abnormal . Of the 12 patients with
only one abnormal mitral variable, 9 showed a short decel-
eration time . I a short isovolumic relaxation time and 2 a
prolonged isovolumic relaxation time .
Discussion
In this study we observed marked variability in the mitral
flow velocity recordings within each patient group . There-
fore, the relation among mitral flow velocity patterns and the
hemodynamic findings will be considered across patient
groups, as the different patterns observed appeared to be
Table 4 . Bivariate Correlation Coefficients Between Doppler and Selected Hemodynamic Variables in 64 Patients
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Figure 5. Panel A shows the relation between peak
mitral flow velocity in early diastole (Ml) and pulmo-
nary wedge V wave - left ventricular diastolic pressure
minimum difference (PWV - LVmin) . In panel It the
lack of correlation between MI and cardiac output (CO)
is seen.
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related more to myocardial function and hemodynamic sta-
tus than to the type of disease process present .
Mitral flow velocity patterns . The majority of patients in
this study could be separated into two groups that showed
distinctly different mitral flow velocity patterns compared
with normal subjects. Pattern l: Patients with this pattern
had one or more of the following findings ; a prolonged left
ventricular isovolumic relaxation time, a decreased peak
early mitral flow velocity but normal or increased mitral flow
velocity at atria) contraction, a reduced ratio if peak early
mitral flow velocity to that at atriai contraction and a
prolonged mitral deceleration time . Pattern II: In this group
of patients who tended to be more symptomatic and have
higher filling pressures, one or more of the following findings
were present: a short left ventricular isovolumic relaxation
time, a normal or increased peak mitral flow velocity in early
diastole, a normal or decreased mitral velocity at atrial
contraction, an increase in the ratio of early mitral flow
velocity to that at atrial contraction and a short mitral
deceleration time. In a minority of patients the mitral flow
velocity variables and pattern were normal . These mitral
flow velocity patterns are illustrated schematically in Figure
7 .
Pattern 1. This pattern, most frequently seen in the
patients with coronary artery disease who had lower pulmo-
zo
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nary wedge pressure, appears to occur when there is im-
paired left ventricular relaxation (as suggested by a prolon-
gation of the time constant of isovolumic relaxation [T]) in
the presence of a normal or only slightly increased left atria)
pressure. Assuming that left atrial pressure at the time of
mitral valve opening remains constant, a slower rate (re-
duced slope) of left ventricular isovolumic pressure fall
would result in a later mitral valve opening, longer interval
from aortic closure to mitral valve opening (isovolumic
relaxation time), reduced early diastolic transmittal pressure
gradient and a resultant decrease in peak early flow velocity .
With less filling in early diastole, the percent of left ventric-
ular filling with atria) contraction would <ikely be increased
as a compensatory mechanism, perhaps aided by atrial
hypertrophy or enhanced atria) systolic function . The long
mitral deceleration time frequently seen in these patients
may reflect a prolonged fall in left ventricular pressure
associated with the impaired relaxation and the low early
diastolic ventricular filling rates
. This mitral flow velocity
pattern was also seen in some of the patients with congestive
curdiomyopathy who had lower pulmonary wedge pressure .
Pattern II . In contrast to pattern 1, this pattern tended to
he seen in patients who were more symptomatic (functional
classes III and IV) and it appears to indicate the presence of
increased filling pressures, an abnormally increased left
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ventricular rapid filling wave and a "restrictive" left ventric-
ular filling pattern with an abrupt, premature cessation of
mitral flow velocity in early diastole
. As assessed by T, the
patients with coronary artery disease and congestive car-
diomyopothy who had pattern 11 also had impaired left
ventricular relaxation . However, the normal or short left
ventricular isovolumic relaxation time and normal or in-
creased peak mitral flow velocity in early diastole in these
patients suggests that an elevated left atria) pressure normal-
ized or increased the early diastolic transmittal pressure
gradient and masked the expected effect of the relaxation
abnormality on this gradient and the Doppler variables . A
relatively greater increase in early diastolic transmittal pres-
sure gradient with higher left atrial pressure may occur in
part because of the characteristics of the reduction in left
ventricular isovolumic pressure, which is exponential rather
than linear (6) . Assuming a constant T and rate of left atrial
pressure decline, a higher pressure at the time of mitral valve
opening will result in a larger transmittal pressure gradient
because the slope of the left ventricular pressure decrease is
steeper at the higher pressure . The reason why the increase
in left atrial pressure in these patients appears to be larger
than the increase in left ventricular pressure minimum,
which increases the early diastolic transmittal pressure
gradient is unknown .
120
•
19
•
a
•
.--0.02
The patients with pattern 11 had a short mitral decelera-
tion time (Fig. 6A) . This was inversely correlated with the
left ventricular rapid filling wave, and mitral deceleration
times of < 130 ms were seen only in patients with rapid filling
waves of >5 mm Hg . This "restrictive" left ventricular
filling pattern, with its abrupt increase in left ventricular
diastolic pressure and premature cessation of mitral flow,
was seen in patients in all three study groups and in patients
with an enlarged as well as a noneniarged left ventricle . This
pattern likely reflects a marked decrease in left ventricular
chamber compliance, which is characteristic of advanced
disease of various origins (32) . In some patients add-
diastolic mitral regurgitation was recorded by pulsed Dop-
pler technique near the peak of the rapid filling wave (Fig .
4B), suggesting that left ventricular pressure may have
actually exceeded left atrial pressure at that time .
Most patients with pattern 11 had left atrial enlargement
and a decrease in mitral flow Pelocity at atrial contraction .
This decrease in velocity may be related to systolic atrial
dysfunction perhaps as a result of a long-standing increase in
atrial afterload from an elevated left ventricular pressure or
increased viscous forces (32) or to an elevated left ventricu-
lar pressure present at the time of atrial contraction .
"Normalized" mitral flow
,
velocity patterns. In this study
some patients with a reduced rate of left ventricular relax-
400
Figure 6 . Panel A shows the correlation between mitral
deceleration time (Mdt) and the rapid filling wave in the
left ventricle (LV RFW). Panel B shows the lack of
correlation between mitral now velocity at artist con-
traction (M2) and increase in left ventricular diastolic
pressure with atria) contraction (LV &a) .
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Figure 7 . Schematic diagram illustrating
the different mitrt now velocity part-
discussed in this study and their dynamic
nature. The electrocardiogram, furnacear-
diagram (PHONO) and left ventricular iso-
volumic relaxation time interval (IVRT)
from aortic valve closure (AC) to mitral
valve opening (MO) ate labeled . A normal
mitral flow velocity pattern is represented
by the middle figure . Characteristics of
pattern I computed with the normal pattern
include increases in isovolumic relaxation
time, mitral deceleration time and flow, Ve-
locity at atria) contraction with decreases in
peak early mitral flow velocity and ratio of
peak early flow velocity to flow velocity at
atria) contraction
. Compared with a normal
pattern, pattern 11 is chamctedaed by n
decrease in isovolumic relaxation time, de-
celeration time and now velocity a ; atrial
contraction and an increase in the ratio of
peak early velocity to that at aerial contrac-
tion. The normal(ieed) pattern indicates
that patients with impaired left ventricular
relaxation and elevation of left atrial pres-
sure may exhibit a pattern that spuriously
resembles normal . The er indicate that
these patterns represent a dynamic contin-
uum and may change fmm one pattern to
.Miller with changes in hcmcdyec ics
and disease status
. A, = aortic valve clo-
sure ; S r
= mitral valve closure
.
anon had a moderate increase in pulmonary wedge pressure
and a relatively normai-appearing mitral flow velocity pat-
tern . We believe that the modest increase in left atrial
pressure in these patients "masked" a relaxation abnormal-
ity by "normalizing" the early diastolic transmittal pressure
gradient . In this framework, patients with a left ventricular
relaxation abnormality, regardless of its origin, may exhibit
pattern 1, pattern II or a normal-appearing pattern depending
on a dynamic combination of myocardial properties and
hemodynamic factors
.
Determinants of left ventricular filling and the mitral flow
velocity pattern . Studies in patients with mitral stenosis
(33,34) have shown that the peak mitral flow velocity accu-
rately reflects the maximal diastolic pressure difference
between the left atrium and left ventricle . In the absence of
valvular obstruction, the major determinant of peak early
mitral flow velocity also appears to be the instantaneous left
atrial to left ventricular pressure difference in early diastole
(35-37). Factors postulated to affect this instantaneous pres-
sure gradient include 1) the left atrial pressure at the time of
mitral valve opening (crossover pressure) ; 2) the rate of
relaxation of the left ventricle : 3) the myocardial and cham-
ber compliance of the left
atrium
and left ventricle ; 4) the
end-systolic left ventricular volume
; and 5) the passive
viscoelastic properties of the myocardium during filling
.
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Although the transvalvular pressure gradient diminishes
rapidly after mitral valve opening, forward flow continues in
mid-diastole presumably because of the inertial energy im-
parted to the blood by the early
pressure gradient (36,37)
.
The findings in this study (Fig . 2) are compatible with these
reports, and a correlation was found between peak early
mitral flow velocity and estimates of crossover pressure and
the early diastolic trnnsmitral pressure gradient (Fig
. SA). In
the patients with simultaneous Doppler and hemodynamic
recordings, we found that the left ventricular pressure min-
imum coincided closely in time with the peak early mitral
flow velocity, whereas deceleration time was best correlated
with the height and steepness of the left ventricular rapid
filling wave,
In the patients with pattern I there was no correlation
between mitral flow velocity and left ventricular pressure
increase
at atrial contraction . This finding suggests that
some patients may have a reduced rate of left ventricular
relaxation, but may accept volume without an abnormal
increase is left ventricular pressure later in diastole after
relaxation is complete . In contrast, other patients with
abnormal left ventricular relaxation also have an abnormal
increase in ventricular pressure with atrial contraction,
perhaps because of a coexistent decrease in myocardial or
chamber compliance . A separation of left ventricular filling
435
436
	
APPLETON ET AL.
MITRAL FLOW VELOCITY PATTERNS AND DIASTOLIC FUNLTION
into an
energy-dependent
relaxation phase in early diastole
and a later phase predominantly affected by intrinsic myo-
cardial properties has been previously proposed (35,38) .
Clinical Interpretatlon of mitral flow velocity patterns ; an
integrated framework. The results of this study suggest that,
despite the complex nature of factors affecting ventricular
filling, clinically useful information regarding left ventricular
diastolic pressures and function is associated with distinct
mitral flow velocity patterns . We hypothesize that this
occurs because certain factors influencing these patterns
predominate under different circumstances . For instance, in
patients with normal left atrial pressure, it appears that the
reduced rate of left ventricular relaxation is the predominant
factor that results in a mitral flow velocity pattern like
pattern I . However, as left ttrial pressure increases, the
early diastolic transmittal pressure gradient and mitral flow
veiccity pattern return toward normal (becoming "nor-
malized") despite the presence of impaired left ventricular
relaxation. In patients with restrictive, congestive or ische-
ntic cardiomyopathy who have elevated filling pressures, a
marked reduction in left ventricular chamber compliance
appears to be the dominating influence that overwhelms the
effect of a reduced rate of left ventricular relaxation and
results in the mitral flow velocity pattern changing to pattern
II. As shown schematically in Figure 7, we hypothesize that
these patterns represent a dynamic continuum, which may
change from one pattern to another as a result of disease
progression, medical therapy or sudden changes in hemody-
namic status .
The dynamic nature of mitral flow velocity recordings . This
was illustrated in the patients studied before and after
various interventions . The patients studied after left ventric-
ulography showed an increase in pulmonary wedge and left
ventricular diastolic pressures, an increase in the early
JAM Vol. 12, Na. 2
Aagant 1988:42640
Figure 8, Mitral flow velocity recorded simultaneously
with left ventricular (LV) and pulmonary wedge IPW)
pressures before and after left ventriculography . After
venlriculography the pulmonary wedge V wave in-
creased from 10 to 24 mm Hg, the left ventricular
pressure minimum increased from 3 to 7 mm Hg, the
pulmonary wedge V wave - left ventricular pressure
minimum difference increased from 7 to 17 mm Hg, the
left ventricular rapid filling wave increased from 2 to 8
mm Hg (short black arrows) and the end-diastolic pres-
sure increased from 9 to 19 mm Hg. After ventriculog-
raphy, the mitral flow velocity recording shows a de-
crease in left ventricular isovolumic relaxation time from
88 to 77 ms, increase in peak mitral flow velocity in early
diastole (Ml) from 93 to 144 cm/s, while the deceleration
time decreased from 224 to 160 ms . Note how the
increase in peak mitral flow velocity in early diastole
(MI) correlated with an increase in the pulmonary wedge
V wave - left ventricular diastolic pressure minimal
difference and the decrease in deceleration time with an
increase in rapid filling wave.
diastolic transmittal pressure gradient and an increase in the
left ventricular rapid filling wave (Fig . 8) . These hemody-
namic changes were associated with a decrease in isovolu-
mic relaxation time, an increase in peak early mitral flow
velocity and a decrease in miral deceleration time. i n
the
patient with a congestive cardiomyopathy and low filling
pressures (Fig . 9), volume loading results in partial "normal-
ization" of the mitral flow velocity recording despite an
abnormal increase in pulmonary wedge and left ventricular
end-diastolic pressures. In Figure 10, dynamic changes in
mitral flow velocity variables occur on a beat to beat basis in
a cardiac transplant patient whose native atria) contraction is
variably affecting left atrial and left ventricular diastolic
pressures (39) .
Comparison with previous studies
. Previous studies have
reported the presence of a prolonged left ventricular isovo-
lumic relaxation time, prolonged T or reduced peak rate of
early diastolic left ventricular filling in patients with coro-
nary artery disease congestive cardiomyop-
athy (1,12,13,15,16.32), left ventricular hypertrophy (40),
hypertrophic cardiomyopathy (1,5,9,41) and systemic hyper-
tension (1,8,16) . In similar patient groups, studies utilizing
pulsed Doppler techniques 15,9,13,17-24) have shown that
many patients exhibit a mitral flow velocity pattern or
variables similar to pattern I, with a reduced peak early
mitral flow velocity and mural deceleration rate, increased
mitral flow velocity at atria) contraction and reduced ratio of
early mitral flow velocity to that at atria) contraction . In
hypertension, these changes have been seen in the absence
of increased well thickness (8) and have persisted after
control of blood pressure (23) . In comparative studies, this
mural flow velocity filling natters suggesting decreased early
diastolic filling has shown a strong correlation with •c Fults
from angiographic (13) and radionuclide methods (9,16).
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Figure 9. Electrocardiogram, phonocardiogmm, milral flow veloc-
ity and left ventricular (LV) pressure before and after volume
loading in a patient with congestive cardiomyopathv and hypovole-
mia . In panel A, the left ventricular diastolic pressure is normal and
the mitral flow velocity recording shows a long isovolumic relax-
ation time (AC - MO) and low velocity in early diastole . In panel B,
recorded after 500 cc of volume had increased mean pulmonary
wedge pressure from I to 20 ran Hg, the isovolumic relaxation lime
is shorter, peak early mitral flow
velocity is slightly higher and the
left ventricular end-diastolic pressure is increased (17 nmm Hg).
Abbreviations as in Figure 7.
These results suggest that impairefe relaxation is an early
sign of left ventricular dysfunction of carious origins and that
Doppler echocardiography may be a sensitive method in
detecting such abnormalities . In patients with heart failure, a
decreased atrial contribution to ventricular filling has been
described (32,40) that showed an inverse correlation to
pulmonary wedge pressure (40).
A milral flow velocity pattern similar io pattern 11 has
been reported in some patients with
congestive
(21) and
hypertrophic (20) cardiomyopmiq . In these patients, who
were assumed to have a left ventricular relaxation abnormal-
ity, the masking of the relaxation abnormality was ascribed
to the presence of milral regurgitation . However, the sever-
ity of the regurgitation was not quantified and hemodynamic
data were not included in these reports . In other patients
with hypertrophic cardiomyopathy (42,43), the marked vari-
ation in mitral flow velocity patterns has been ascribed to
other charactc-istics of the disease process .
Although other studies have reported that mitral re,enr-
gitation can result in on increase in mitrai fforr velocity (13)
or mitral for (37), these was no correlation in this study
between severity of regurgitation and either the height of the
pulmonary wedge V wave or peak early mitral flow velocity
except in the five patients with severe mitral regurgitation .
This probably reflects the fact that multiple factors that
affect peak mitral flow velocity are altered in these patients
with cardiac disease . Similarly, there was no correlation
between peak early mitral flow velocity and cardiac output
.
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Figure 10. Mitral flow velocity recorded simultaneously with respi-
ration (reap), electrocardiogram and pulmonary wedge (PW; and left
ventricular (LV) pressures in a cardiac transplant recipient . Note
the beat to beat variation in size and rate of rise of the left
ventricular rapid filling wave which corresponds to variation in
milral deceleration time (DT) . This beat to beat vacation is common
in transplant recipients and is most likely the result of a dissociated
native atdal contraction variably affecting left ventricular hemody-
namics .
Previous studies (7,10 .12,40,441 hart reported that ven-
tricular filling rates may vary with hetnodynanric status and
oilier factors in individual disease slates. In patients with
aortic stenosis (44), some individuals with increased pulmo-
nary wedge pressure, and apparently more severe disease,
have a more normal left ventricular filling pattern . In patients
with congestive cardiomyopathy, peak left ventricular filling
rate in early diastole has been reported as normal in some
individuals (12), whereas other patients have been shown to
have a large left ventricular rapid filling wave and elevated
diastolic pressure in the presence of a prolonged T (32) . In an
animal study (45), the peak left ventricular filling rate in early
diastole was shown to be determined by left atdal pressure at
the time of mitral valve opening as well as by the rate of left
ventricular relaxation. In that study there was no change in
filling rate after angiotensin infusion, despite an increase in
T, when left atrial pressure increased simultaneously
. These
studies all support the hypothesis that an elevation in left
atrial pressure, and possibly other factors, can mask a left
ventricular relaxation abnormality when assessed by peak
rates of filling or filling patterns . Therefore, as illustrated by
the patients with coronary artery disease in this study, the
use orthesctechniques to evaluate left ventricular diastolic
function may be misleading if patients with elevated left
atrial pressure are analyzed together with dot- who have
more normal pressures.
Dynamic
changer in t!, war,ri Nou velocity pattern have
been rennrted in patient. ,-nit ronmary artery disease after
preload redurdon i 26) and in patients with hypenrophic
cardioroyopsthy, after exercise and therapy with diltiazem
(22).
In the latter (22), a patient with congestive cardiomyo-
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parlay and a mitral flow velocity pattern resembling pattern II
had a more normal-looking pattern after nitroglycerin admin-
istration and a decrease in the left ventricular pressure
minimum and rapid filling wave
. We have observed similar
changes in mitral flow velocity patterns in patients with
coronary artery disease and congestive cardiomyopathy
after medical therapy for overt congestive heat failure .
Study limitations
. The assessment of left ventricular di-
astolic function is a complex phenomenon that is difficult to
study in patients or even in a laboratory setting (38,46) .
Changes in inotropic state and both systolic and diastolic
loading conditions have been reported to influence Tand left
ventricular filling in early diastole (47,48) . After left ventric-
ular relaxation is complete, the assessment of passive myo-
cardial properties is also difficult to quantify in vivo . The
mitral flow velocity variables obtained in this study do not
measure, and should not be directly equated with, T, left
ventricular chamber compliance, myocardial compliance or
the diastolic volume or pressure of the left atrium or ventri-
cle . Furthermore, although the flow velocity profile appears
to accurately rcflcct the pattern of left ventricular filling
(9,13,16), it does not quantitate actual transvalvular flow .
In this study it is likely that many of the bivariate
correlation coefficients were heavily influenced by the pa-
tient groups studied. For instance, patients with pattern 1 are
likely to demonstrate a positive correlation between isovo-
lumic relaxation time and T. Conversely, patients With
pattern 11 may demonstrate a negative correlation between
these variables . Therefore, the overall correlation for the
entire study group would likely depend on the characteristics
of the group studied and the correlation coefficients pre-
sented in this report should not be extrapolated to other
patient groups. Future work investigating these relations will
also need to take into account any selection bias in their
analysis
.
When interpreting mitral flmv velocity patterns a number
of additional factors that may affect the transmittal flow
velocity variables must be considered. Despite the findings
in this study, it has been reported (25,27 .28) that the ratio of
mitral flaw velocity in early diastole to that with atriat
contraction and the rate of early diastolic deceleration
decrease with age in apparently healthy older adults. Con-
versely, mitral deceleration times and the left ventricular
isovolumic relaxation time may be shorter in children be-
cause of a more rapid rate of left ventricular relaxation. By
shortening diastole, sinus tachycardia may decrease the time
available for early diastolic filling . increasing the proportion
of filling that occurs with aerial contraction . The left ventric-
ular isovolumic relaxation time has been reported (40) to be
affected by several factors in addition to left atria] pressure
at the time of mitral valve opening and the rate of left
ventricular relaxation . Aortic regurgitation that results in an
increase of the left ventricular rapid filling wave may also
decrease deceleration time . A decrease in preload (26) and
mitral regurgitation (13,20,21,37) may also affect mitral flow
velocity variables .
In the present study T was not quantified in all of the
patients
. However, this index of left ventricular relaxation
has been shown to be abnormally prolonged in nearly all
patients with coronary artery disease (1-5,15,32) and con-
gestive cardiomyopathy (15,32) . Studies in patients with a
restrictive myocardial disease also suggest the presence of
abnormal left ventricular relaxation as assessed by T (49) or
rates of early diastolic ventricular filling (50,51) .
The patients with congestive or restrictive cardiomyop-
athy in this study tended
to have advanced disease and
markedly elevated pulmonary wedge pressure . It is likely
that more variation in mitral flow velocity patterns would be
seen in these groups if patients with less abnormal hemody-
namics were included
. A technical limitation in interpreting
the recordings may occur in patients with a rapid heart rate
or atrioventricular block in whom aerial contraction may
occur at a time that causes fusion of early initial flow
velocity and flow velocity at atria) contraction .
Doppler methods
. In this study, pulsed wave tmnsmitral
flow velocities were recorded with a low filter setting and the
sample volume was placed between the leaflets al a point
where the largest early mitral flow velocity is recorded . A
sample volume position at the anulus (52) or too far into the
left ventricle can give lower velocities and different deceler-
ation times . Deceleration time was measured instead of
slope because it is independent of velocity. Continuous wave
Doppler ultrasound is not adequate for these recordings and
gives longer mitral deceleration times than do pulsed wave
recordings. For accurate measurement of the left ventricular
isovolumic relaxation time a high quality mitral flow velocity
recording with simultaneous phonocardiogram at 100 mmls
should be used .
Clinical Implications. Despite these limitations and the
oversimplification of a complex phenomenon, mitral flow
velocity recordings appear to have clinical potential that
deserves further investigation in assessing left ventricular
diastolic properties in patients with heart disease . In this
study, only 5 of 49 patients with an increased left ventricular
end-diastolic pressure and 4 of 15 patients with a normal
end-diastolic pressure had normal values for all variables
measured from mitral flow velocity recordings. Therefore, in
patients with disease processes known to affect left ventric-
ular diastolic function, pattern I suggests a reduced rate of
left ventricular relaxation with relatively normal pressures .
In more symptomatic patients, pattern II appears to indicate
a "restrictive" left ventricular filling pattern and an in-
creased left atria) pressure regardless of the severity of the
left ventricular relaxation abnormality, origin of disease or
left ventricular size . "Normalized" patterns may be seen in
patients with a reduced rate of left ventricular relaxation
abnormality and moderately elevated left atrial pressure .
These patients may be difficult to recognize although the
]ACC Vet. 12, No . 2
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combination of an appropriate clinical history, data from
other diagnostic procedures, one or more abnormal mitral
flow velocity variables and serial recordings may provide
important clues to their abnormality . Similarly, in patients
with an abnormal pattern, serial studies may be helpful to
evaluate symptoms, progression Of disease or the results of
medical or surgical therapy.
We truck Chassan Ghandour for technical assismnre in analyzing the data .
Charles A. Dennis, MD for review of the manuscripl and Gretchen Scott and
Joan lintel fm mnnu,cripl preparation
.
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